ABSTRACT: The Arctic charr Salvelinus alpinus is an endangered fish species in Finland, and thus farming is carried out mainly for stocking purposes. Farmed charr are susceptible to infection with atypical Aeromonas salmonicida (aAS). Losses of valuable brood stock will severely reduce the genetic diversity of stocked charr. No commercial vaccines are available to prevent aAS infection, and vaccines against furunculosis (caused by typical A. salmonicida, tAS) do not protect the charr against aAS infection.
INTRODUCTION
The Arctic charr Salvelinus alpinus is classified either as a critically endangered (Lake Saimaa area in southern Finland) or threatened (in northern Finland) fish species in Finland. Spawning of charr in nature does not maintain the natural stocks, which are either dependent on or are supported by stocking. Infection with atypical Aeromonas salmonicida (aAS) is the most serious health problem and the greatest cause of losses among farmed charr. Antimicrobial medication is inef-fective and there is no commercially available vaccine against aAS. Mortality amongst farmed charr during outbreaks has exceeded 60% (Pylkkö unpubl. obs.) . Losses to farmed charr brood-stocks severely reduce the genetic background of charr available for stocking management.
Mortality due to aAS infection in other salmonids in Finnish fish farms is related to environmental factors such as season, water quality and water temperature (Rintamäki-Kinnunen 1997) . Disease outbreaks are reported to occur at water temperatures above 15°C (Rintamäki & Valtonen 1991) . In brackish water cultures of the Atlantic salmon Salmo salar in Iceland, aAS outbreaks take place at water temperatures around 8°C (Gudmunds7ottir 1997) .
Among salmonid fishes the Arctic charr is well adapted to cold waters (Johnson 1980) . The optimum temperature for growth of farmed charr is from 13 to 14°C (Swift 1964 , Jobling et al. 1993 , Lyytikäinen 1998 . Little is known about the immune responses of charr and the effect of temperature on its immune system; also unknown is how the immune system of charr reacts to increasing temperatures after vaccination.
Antibody responses after active immunization have been studied in Atlantic salmon Salmo salar, brown trout Salmo trutta, and various Oncorhynchus species (Thuvander et al. 1987 , Gudmunds7ottir & Magna7ottir 1997 . Humoral antibodies and neutralization of bacterial toxins are important protective mechanisms in fishes (Gudmunds7ottir & Magna7ottir 1997) . The total protein concentration in fish plasma has been reported to increase together with the total immunoglobulin level during Aeromonas salmonicida infection (Magna7ottir & Gudmunds7ottir 1992 , Møyner 1993 , Magna7ottir et al. 1995 .
Pathogens usually have their virulence components located on their surface and in the cell wall. Protection by the host is based on destruction of such components. Lysozyme in vertebrates is one of the enzymes in the first-line defense against invading pathogens (see e.g. Roitt 1994 , Janeway et al. 1999 . The defense response is directed against the peptidoglycan layer, especially in the cell wall of Gram-positive bacteria, which is thought to be weakened by the alternative pathway of the complement system before enzymatic (lysozyme) attack (see e.g. Janeway et al. 1999) . Activation of the complement system, the classical pathway, is based on specific recognition of an invading pathogen while activation of the alternative pathway needs no specific recognition (see e.g. Roitt 1994 , Janeway et al. 1999 .
The variety of virulence factors and mechanisms of aAS and typical Aeromonas salmonicida (tAS) bacteria indicates that they possess many different means to evade the immune system of fish (Garrote et al. 1992 , Merino et al. 1994 . A protein of aAS (AsaP1) was found on the one hand to be very toxic to Atlantic salmon and, on the other hand, to be highly immunogenic when used in an autogenous aAS vaccine (Gudmunds7ottir et al. 1990 , Gudmunds7ottir & Magna7ottir 1997 . Virulence components such as capsule production, A-layer protein, lipopolysaccharides, and extracellular products have been reported in aAS and ASS (Gudmunds7ottir et al. 1990 , Garrote et al. 1992 , Merino et al. 1994 , although their immunogenicity varies (Gudmunds7ottir & Magna7ottir 1997 , O'Dowd et al. 1999 .
Vaccination against furunculosis and vibriosis (Vibrio anguillarum) is a well-established practice in fish farming, and has also been successful in protecting brown trout Salmo trutta m. lacustris, Atlantic salmon, and rainbow trout Oncorhynchus mykiss (Thuvander et al. 1987 , 1993 , Midtlyng et al. 1996 . Arctic charr vaccinated with commercial, monovalent or multivalent furunculosis vaccines shave, nevertheless, been diagnosed as having died due to aAS infection (Pylkkö unpubl. data) . Fish vaccinations in Finland generally take place either from October to November and/or from February to April when the water temperature ranges from 1 to 3°C. The water temperature starts to increase in mid-May.
This study examined how a vaccine containing both tAS and aAS bacteria as antigens activate the specific and non-specific immune functions in Arctic charr. The effect of temperature on the immune parameters of charr was experimentally studied at 3 temperatures 10.3, 14.1 and 18.1°C, which included their optimum growth temperatures and also represented temperatures that are easily reached on Finnish charr farms in summer.
MATERIALS AND METHODS
Experimental design (Fig. 1) . A group of Arctic charr Salvelinus alpinus (average weight = 25.2 g, SD = 7.6 g) was vaccinated intraperitoneally (i.p.) at a water temperature of 2.9°C with a metabolizable oil-adjuvanted, bivalent vaccine (0.2 ml fish -1 ) containing formalin (1% solution) killed aAS (3 ¥ 10 9 cells ml -1
) and tAS (6 ¥ 10 9 cells ml -1
) bacteria prepared for the study by Alpharma AS, Norway. A group of unvaccinated fish served as controls; these were marked by clipping their adipose fin. The control charr were not injected i.p. with saline because of the results of previous unpublished findings: saline injection induced more serious adhesions in the body cavity of charr than injection with a commercial oil-based vaccine (Pylkkö unpubl. obs) . Charr were held in 4 m 2 tanks at ambient water temperature and received a low ration of feed (< 0.5% body wt d -1
).
For individual growth measurements, the charr were individually marked i.p. 25 d post-vaccination (p.v.) with passive integrated transponder (PIT) tags under tricaine sulphonate (MS-222, 0.15 g l -1 ) anaesthetic (Pylkkö et al. 2000) . The inflowing water came from an oligotprohic lake upstream of the station. The water temperature was 6°C at the time of tagging. Fish were then held in two 4 m 2 flow-through tanks for 7 d while the water temperature increased naturally to 10°C, and they were fed as before (Fig. 1) (Fig. 1) ; 7 individuals were also sampled in April, before the vaccinations. The fish were collected, killed with a blow to the head, and sampled randomly. They were anaesthetized by immersion in MS-222. Blood was drawn from the dorsal vein into a heparinized syringe and immediately centrifuged. Plasma was then aliquoted and immediately frozen in liquid nitrogen. The samples were later stored at -80°C.
Measurements. The specific antibody response towards aAS (but not tAS) was analyzed because the amount of plasma was limited and the response towards aAS was considered more important. Anti-aAS-specific antibodies were analyzed with a double-sandwich enzyme-linked immunosorbent assay (ds-ELISA) with 1% (w/v) bovine serum albumin (BSA) in phosphatebuffered saline (PBS) as the blocking solution (Thuvander et al. 1987 , Magna7ottir & Gudmunds7ottir 1992 in wells precoated with poly-L-lysine (Graves 1988) . Microplates were coated with 10 -5 cfu ml -1 of sonicated aAS cells (Sorensen & Brodbeck 1986 , Kuen et al. 1993 ). Bacteria cells were sonicated for 8 min per tube at an amplitude of 6 to 7: 30 s sonication followed by 30 s rest per tube. For the ds-ELISA assay, anti-charr IgM-rabbit polyclonal antibodies were produced, since in preliminary tests antibodies against Atlantic salmon and rainbow trout immunoglobulins did not cross-react with charr immunoglobulin. The secondary antibody was anti-rabbit IgG peroxidase conjugate (SIGMA, A-9169). Optical density was read at 492 nm (optical density, . Blood samples were collected once in April prior to vaccination (0), and subsequently in June, July and August (1st, 2nd, and 3rd respectively) OD 492 ) with a plate reader (Labsystems Multiskan ‚ MCC/340).
Lysozyme activity in plasma was determined by a turbidometric assay (Parry et al. 1965) . Micrococcus lysodeikticus (Sigma Incwere)-lyophilised cells (30 mg suspended in 100 ml of sodium phosphate buffer, 0.1 M Na 2 HPO 4 /NaH 2 PO, pH 6.2), 150 µl of micrococci suspension and 10 µl of undiluted plasma were applied to 96-microtitre plates on ice, in 3 replicates. The decline in absorbance at 550 nm was measured over 5 min at 1 min intervals immediately after addition of the bacterial suspension (Multiskan ‚ MCC/340, Labsystems). One unit of lysozyme activity was expressed as the amount of lysozyme that caused a decrease in absorbance of 0.001 min -1 (Lie et al. 1989 ). The activity of the complement system via the classical pathway was measured using sensitized, sheep, red blood-cells (SRBC) as a substrate (Reid & Porter 1981 , Joiner et al. 1984 , Yano 1992 . Antibodies against SRBC were produced by injecting (i.p.) charr (average weight 1 kg) with 0.2 ml of a 5% solution of washed SRBC in PBS (pH 7.2). After 8 wk, the fish received a booster injection with a similar solution and were then euthanised 14 d later. Blood was drawn from the caudal vein and allowed to clot at room temperature. The serum was obtained by centrifugation, aliquoted and stored at -80°C. To determine the correct dilution for sensitization of SRBC, antiserum was diluted from 1/100 to 1/3200 in gelatin veronal buffer (GVB). The dilution was then incubated with SRBC suspension (10 9 cells ml -1
) for 20 min at 25°C. An appropriate dilution of unheated charr serum was added and the tubes were incubated for 60 min at 25°C and centrifuged; absorbance was measured at 541 nm. The percentage of haemolysis obtained was then plotted against the dilutions of anti-SRBC serum to identify a point at which haemolysis reached a plateau. Optimal sensitization was obtained with an anti-SRBC serum dilution of 1 ⁄400. The complement system, the classical pathway for charr, was inactivated at 42°C for 20 min and then diluted 1:400 in EDTA-GVB, pH 7.4. Equal volumes of SRBC suspension (10 9 cells ml -1 ) and serum were incubated at 25°C for 30 min. The sensitized cells were washed in GVB and adjusted to 5 ¥ 10 8 cells ml -1 . To measure haemolytic activity, 20 ml of pre-sensitized SRBC were mixed with 80 ml of the diluted EDTA-GVB containing 10% of plasma. After incubation at 25°C for 60 min, the unhaemolysed cells were pelleted by centrifugation for 10 min and haemolysed with 150 ml of H 2 O (Pelkonen & Pluschke 1989 Activity of the alternative complement pathway was studied by direct haemolysis of rabbit red blood cells (RaRBC) as described by Yano (1992) . Washed RaRBC 2 ¥ 10 8 cells ml -1 in EGTA-Mg 2+ -GVB, at pH 7.5, were incubated with charr serum diluted to 1/10 for 90 min at 25°C with mild shaking on an end-to-end shaker. The unhaemolysed cells were pelleted by centrifugation. Haemolytic activity was measured after lysing the cells with H 2 O (175 µl well -1 ). Absorbance was read at 414 nm, and the percentage of haemolysis caused by the alternative pathway of the complement system was calculated as 100% ¥ (Abs 414nm Obs/Abs 414nm buffer).
The total plasma protein concentration was measured using a protein assay with BSA as a standard (Bradford 1976) .
Statistical analyses. None of the data, except the aAS-specific antibody level and the total plasma protein concentration, were normally distributed. For simplicity in statistical analysis, the distribution-free procedure was used. Variables were rank-transformed and full factorial 3-way analysis of variance was then performed to analyze the effects of temperature, vaccination and sampling time after the temperature manipulation (Conover & Iman 1981) . Statistically significant influence was considered to exist if p < 0.05.
RESULTS

Immune functions of unvaccinated charr
The anti-aAS-specific antibody level of unvaccinated Arctic charr was lower in April before vaccination than later in the summer (Fig. 2) , when specific activity towards aAS cells increased in all temperature groups (10.3, 14.1 and 18.1°C). The OD 492 nm reading was higher than that of the background value (OD 0.03) (Fig. 2) . The anti-aAS-specific antibody level was not analyzed in the 10.3°C temperature group in August due to an insufficient amount of plasma for the analyses (Fig. 2) .
Plasma lysozyme activity was higher in April (126 U ml -1 ) than in the summer (95 U ml -1 ) among unvaccinated charr (Fig. 3) . In August, only the group of unvaccinated charr kept at 18.1°C exhibited higher lysozyme activity (200 U ml -1 ) than unvaccinated charr in April (Fig. 3) .
The haemolytic activity of the classical and alternative pathways of the complement system was low before vaccination in April (4.5 and 1.5% respectively), but increased later in the summer (Fig. 4) . The complement system via the classical pathway reached 50% haemolysis in August (Fig. 4a) , while the alternative complement pathway of unvaccinated charr displayed the high-est activity in June (over 50% haemolysis) and a lower haemolytic activity (10%) in July and August (Fig. 4b) .
Some individuals exhibited no lysozyme activity or haemolytic activity of the complement system at all, or the activity was below the detection limit of the methods. This was also reflected in the high coefficient of variation, CV (Table 1) .
The total plasma protein concentration of unvaccinated charr increased from about 40 mg ml -1 in April to about 70 mg ml -1 in July/August (data not shown).
Effect of vaccination, temperature and sampling time on immune functions
The anti-aAS-specific antibody response was significantly (p < 0.00) stronger in vaccinated than in unvaccinated charr at all p.v. temperatures (Fig. 2, Table 2 ). Sampling time had a slight effect (p < 0.05) with specific antibody response in vaccinated charr increasing from June to August (Fig. 2, Table 2 ).
At all p.v. temperatures, plasma lysozyme activity in June, July and August significantly increased (p < 0.00) in vaccinated charr (Fig. 3, Table 2 ). Lysozyme activity was also slightly (p < 0.05) influenced by temperature (Fig. 3, Table 2 ), being greater at 10.0, 10.3°C and 14.1°C than at 18.1 °C (Fig. 3 , Table 2 ). The highest plasma lysozyme activity in vaccinated charr (490 U ml -1 ) was reached in June 49 d p.v.; thereafter the activity declined (Fig. 3) . The activity at 10.3°C in August, 103 d p.v., was < 200 U ml -1 (Fig. 3) . The haemolytic activity of both the classical and alternative pathways of the complement system was significantly (p < 0.00) affected by the time of sampling, but not 10.3°C
14.1°C
18.1°C by vaccination or water temperature (Fig. 4 , Table 2 ). The haemolytic activity of the classical complement pathway was greatest in August (Fig. 4a) , while the alternative pathway was most active in both unvaccinated and vaccinated charr in June (Fig. 4b) . Total plasma protein concentration was significantly increased by vaccination (Table 2) .
DISCUSSION
The main factors indicating the activation of both the non-specific and specific immune responses of charr 52 The increase in the plasma lysozyme activity in vaccinated charr indicates the activation of the nonspecific immune defense functions (see e.g. Roitt 1994 , Janeway et al. 1999 . This was also shown by Engstad et al. (1992) in Atlantic salmon after injection of M-glycan. The production of specific antibodies against formalin-inactivated Aeromonas salmonicida salmonicida bacteria has also been reported by Rainger & Rowley (1993) and O'Dowd et al. (1999) .
In the present study, the anti-aAS-specific antibody response increased from June to August in both unvaccinated and vaccinated charr. Rintamäki & Valtonen (1991) have reported aAS outbreaks in Finland to occur at water temperatures higher than 15°C, which indicates an increase in the number of aAS or related Aeromonas bacteria in incoming water in July and August. However, low OD 492nm readings reflected a weak recognition of epitopes of aAS bacteria, which indicates that killed aAS cells in the vaccine were not strongly immunogenic. The specificity of the recognition of sonicated aAS cells on ds-ELISA plates by charr plasma is unknown. Plasma antibodies against other Aeromonas spp. in the environment might also interfere with the assay.
The role of the specific antibody level in host protection is currently under debate. Elevated antibody levels after vaccination have not been shown to correlate with protective immunity in all cases (Thuvander et al. 1993) . The specific antibody level in Atlantic salmon has been reported to increase after either experimental or natural exposure to Aeromonas salmonicida achromogenes (Magna7ottir et al. 1995) .
The classical pathway of the complement system was activated in the course of the experiment regardless of the vaccination status. Surprisingly, vaccination did not stimulate the haemolytic activity of either the classical or alternative pathways of the complement system in this study. Engstad et al. (1992) demonstrated an increase in spontaneous haemolytic activity in Atlantic salmon after active immunization. The inconsistency between the present study and that of Engstad et al. may be a result of differences in the activation of the complement system between salmonid species.
Interestingly, the plasma lysozyme activity and the haemolytic activity of the complement system via the alternative pathway peaked in June. In the early summer the fish might require an effective non-specific defense mechanism (simultaneous increase in lysozyme and alternative pathway of complement system activity) against microbes (pathogens) present in the large influx of melt water after winter (Rintamäki-Kinnunen 1997) .
In our study, the production of anti-aAS-specific antibodies by vaccinated charr was paralleled by an increased concentration of total plasma proteins at all test temperatures. Hrubec et al. (1997) also reported that the total serum protein concentration of hybrid stripped bass was not significantly influenced by temperature. There have been discrepancies between results in the literature concerning the simultaneous changes in serum IgM level and the total protein concentration. Total protein level and IgM level have been reported to increase in Atlantic salmon during aAS infection (Magna7ottir & Gudmunds7ottir 1992 , Magna7ottir et al. 1995 . However, there was no significant correlation between the serum protein concentration and IgM level after Vibrio anguillarum infection (Coeurdacier et al. 1997) .
Charr were vaccinated at 2.9°C, which has been shown to be a sufficiently high vaccination temperature to induce protection against Vibrio salmonicida (Lillehaug et al. 1993) . Atlantic salmon vaccinated at 2, 4 and 6°C against V. salmonicida showed better protection than fish vaccinated at 8 or 10°C, although the mean antibody levels were lower in the low-temperature groups (Lillehaug et al. 1993) . This is also supported by the present results; a statistically significant increase in antibody level was recorded as a function of vaccination and of sampling time, but not as a function of temperature. There was no difference in the production of antibodies between the 3 temperature 53 groups (10, 14 and 18°C). The differences among individual fish are reflected in the large standard error for the unvaccinated charr data at 10.3°C and in the vaccinated charr data at 18.1°C. Thus, no statistically significant difference was obtained between temperatures in the analyses. The immune defense system of Arctic charr can be stimulated by bivalent aAS-and tAS-vaccination. There is no need to keep charr at high temperatures after vaccination (to boost the vaccination); they can be held at their optimum temperatures for growth which, for the farmed Lake Inari Arctic charr, range from 13 to 14°C (Swift 1964 , Jobling et al. 1993 , Lyytikäinen 1998 .
